This article provides an overview of research on mercury (Hg) contamination in Malaysia and its evolution from 1979 to 2012. The objective of this paper was to review and provide an understanding of Hg exposures in the environment, humans, and food in Malaysia. Hg concentration in the environment is high in areas of West Port, Malacca Straits, Prai, and Johor because these areas receive anthropogenic metal loads brought about by industrial activities. Hg concentration in humans is related to seafood intake (dietary), environmental conditions, and different geographical locations. Hg levels in food showed higher concentration in the West coast of Peninsular Malaysia. Hg concentration is also present in the country's tropical fruits, which is related to agrochemical and fertilizer usage. This review showed that there is an urgent need to identify Hg toxicology and bioaccumulation as well as the health effects of Hg exposure in different ecological compartments. This review aims to provide helpful recommendations for future Hg biomonitoring and research in Malaysia.
Introduction
Recent years have seen a rising awareness and knowledge of health risks to the central nervous system, particularly those related to environmental exposure to toxic metals such as mercury (Hg), cadmium (Cd), lead (Pb), and arsenic (As). Among these, Hg is considered one of the most toxic metals, if not the most toxic heavy metal, and its high prevalence in our environment has been a matter of rising concern globally (1-4). Hg contamination is widespread in the air, water, sediment, soil, and organisms. Hg is classified as a heavy metal and exists as elemental Hg (also known as metallic Hg), inorganic Hg (primarily mercuric chloride) and organic Hg (primarily methylmercury, MeHg). MeHg and its compounds are bioaccumulative environmental toxicants, with exposure to sunlight (specifically ultra-violet light) enabling their detoxification (5) . Thus, these have gained increasing research attention in recent years.
Moreover, MeHg is bioaccumulated throughout the food chain. When these microorganisms are consumed by other aquatic organisms, they can also be consumed by other species. MeHg has reached the most toxic concentrations in larger predatory fish and marine mammals, which are then consumed by humans. MeHg is absorbed (95%) through the gastrointestinal tract, after which it enters the bloodstream and is distributed throughout the body. MeHg in blood and other tissues binds with sulfhydryl groups. MeHg also accumulates in the brain and fetal blood as it is transported across the blood-brain barrier by amino acids (1) .
Contemporary reviews of Hg are available worldwide (6) (7) (8) . However, there is no recent review available on Hg toxicological studies, which covers the spectrum of findings that range from sources of exposure to Hg toxicity among adults and children in Malaysia. Thus, the present review aims to be the first review to focus on the levels and patterns of environmental Hg contamination and its effects on human health in Malaysia. The specific objective was to summarize findings of wide spectrum Hg contamination studies in various environments (air, water, soil, sediment), in humans (blood, hair, urine), and in food products in Malaysia. This review's output and ultimate objective is to provide helpful information as well as recommendations for future Hg biomonitoring, research, and management with a view to reducing Hg exposure in Malaysia.
The present review on environmental Hg contamination in Malaysia was done using existing literature databases and studies conducted in Malaysia. The time period reviewed was generally between 1979 and 2012. Although this time frame represented the most up-to-date information available on Hg exposure and its effects on the environment and human health, these years were somewhat flexible to allow for differences in the data sources and completeness of the reported data. A list of published literature was compiled, consisting of studies on Hg contamination in the environment, degree of exposure, and human health-related studies. More importantly, all the methodology and quality controls for the summarized studies can be viewed from original sources.
Mercury levels in the environment (air, water, soil, sediment, and biota)
A review on air pollution by Afroz et al. (9) summarized the studies conducted in Malaysia. However, to date, there is still a paucity of data on the occurrence and speciation of Hg in Malaysian air. The only information available regarding Hg is gas emission standards in Malaysia as reported by the DOE10 in Table 1 . According to Downs et al. (11) , clouds have a low reduction capacity that increases the potential of Hg2+ accumulation in wet deposition. Higher deposition rates of Hg are, therefore, expected in regions of industrial activity, where acidic compounds are released into the atmosphere without adequate control. Table 2 ). The Malaysian coastal environment suffers from extensive pollution coming from industry wastes and sewage produced by highly populated areas such as those in West Port, Klang, Port Dickson, and Johor Bharu (Figure 1 ). On the one hand, Sakamoto et al. (19) reported that the high Hg in Port Dickson sediments are linked to the much higher density of industries upstream. On the other hand, Hg concentrations in surface sediments of the East coast of Peninsular Malaysia represent natural background levels. The latest study done by Khawar Sultan et al. (15) showed Hg concentrations in soils that are higher than the upper continental crust Hg value of 0.06 mg/kg (22) and the European geochemical baseline Hg value of 0.061 (23) . Hg concentration of river sediments in Terengganu are above the screening concentration of 0.18 mg/kg of Hg by the US Environmental Protection Agency (USEPA) (24) . Moreover, enrichment factor values for Hg in river sediments in Terengganu are found to be < 6, suggesting that this is less likely due to the anthropogenic activities.
Abbas et al. (16, 17) showed that anthropogenic factor is the main contributor to the presence of this metal. Naji and Ismail (14) reported high Hg concentrations in the stations along the vicinity of highly populated centers (e.g., Klang Valley and Kuala Lumpur) and industrial parks (e.g., Shah Alam industrial area). However, these concentrations are still significantly lower compared with other areas located in large industrialized and densely populated regions such as Pra River (Ghana) and Deule River (France). Their study concluded that Hg contamination in the environment over time is due to the urbanization and industrial area development (14) .
According to Shazili et al. (25) , Hg studies in the marine and river environment of Malaysia are scarce due to instrumental metal measurement difficulties at the sub-ppb levels. USEPA categorizes Pb, As, Cd, and Hg as the most hazardous inorganic contaminants under the EPA Hazardous Substance Priority List (24) . These metals are well known global contaminants due to their significant environmental impact and the subsequent public health concerns that arise from using them. showed the lowest concentrations in water samples from Juru and Jejawi Rivers as reported by Abbas et al. (17) . Shaikhah Sabri (18) reported that Hg concentration is highest in the rivers of Sungai Pok Kecil, Sungai Pok Besar and Teluk Buih, as well as that of Merambong Island, with concentrations exceeding the standards. These rivers indeed receive waters that flow as currents from the Straits of Malacca and Tebrau. These straits are polluted by industrial activities with high levels of heavy metals. Table 3 summarizes studies involving Hg in water. Such biomonitors as bivalves and shrimps have been used to study heavy metal pollution in the Malaysian environment and have received widespread attention (Table 4) . Anadara granosa (bivalve mollusk) is of considerable importance as a source of cheap protein in tropical areas. Given that A. granosa is a filter feeding organism, heavy metals tend to be accumulated in their whole body tissue. Thus, heavy metals in A. granosa could serve as an indicator of river pollution. Abbas et al. (17) reported that Hg concentrations in A. granosa are higher than the maximum permitted proportion of metal contaminants in specified food in milligram per liter (mg/L) proposed by the Malaysian Food Act (1983) and the Fourteenth Schedule (Regulation 38) of the Food Regulations (1985) . High levels of Hg are related to industrial production and use of semiconductors, wood preservatives, and electroplating in the Prai industrial area. Meanwhile, Hg levels in seafood are higher than those in other foods due to seawater pollution, which is linked to the use of coastal waters for domestic and industrial waste, thereby threatening the quality of seafood (16, 34) . Rahman et al. (35) showed that fish and squid samples collected from the West coast of Malaysia contain higher Hg levels, which can be linked to the industrial sources and agricultural activities located near the fishing areas. Kamaruzzaman et al. (29) supported a similar theory, hypothesizing that varying Hg concentrations in fish species and tissues are linked to the industrial activities near fishing areas that, in turn, enhance Hg levels in sediments. Moreover, total Hg concentration is higher in the Southern part than in areas located around the Malacca Strait. This is probably due to the location of land-based industries in the Southern part of the country where the water sources experience lower rates of dilution.
Mercury levels in human (blood, hair and urine)
Hg has long been known to be toxic to humans. Hg concentration in hair can provide historical records of Hg assimilation from the environment and have been proven to be stable over a long period of time (29) . Table 5 summarizes Hg concentration in residents of Malaysia. Sarmani and Alakili (40) reported that high levels of Hg concentration in Chinese and Indian hair samples may be due to differences in lifestyles, namely, more marine food consumption and use of traditional medicinal products that contain Hg. Hajeb et al. (37) showed that hair Hg concentration in Malaysian communities is higher than that found in the research done by Sarmani and Alakili (40) ; such high concentration can be attributed to different geographical and environmental conditions. Moreover, Hajeb et al. (37) also supported the fact that Hg concentration found in hair is mainly dependent on dietary intake (fish consumption). High Hg content in hair of pregnant women is related to their diet during pregnancy (41). Tan (42) also pointed out that fishing communities in Penang Island are not exposed to high levels of Hg contamination. However, little is known about the Hg content in blood among Malaysians and its exposure. To the best of our knowledge, no study has yet to publish information on blood Hg levels in the Malaysian population.
Mercury levels in food
Fish consumption is one main path by which Hg can enter the body; thus, it is frequently related to heavy metal health concerns. In Malaysia, consumption of fish is estimated to be 21 kg/person/year or 0.06 kg/day. Fish may (Table 6) .
Reports on metals such as Hg in temperate fruits (e.g., strawberries and blackcurrants) are numerous. However, heavy metal concentrations in tropical fruit, such as mango Table 6 Hg levels in food samples.
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Along Table 7) . The only available information on Hg concentration in tropical fruits comes from the study of Ang and Ng (46) , which examined Hg concentrations in papayas, guavas, and mangoes harvested from Bidor, the most popular orchard area in Malaysia. The orchards of the Bidor area grow on agricultural land that used to be a mining area; thus, the Hg content may most probably be related to the use of agrochemicals and fertilizers. Further analysis of Hg content in the chemical products and irrigation waters used within the area is probably necessary to further determine their roles in Hg concentration in these tropical fruits.
Future mercury studies in Malaysia
Environmental quality can be maintained through the careful incorporation of environmental considerations into strategic planning and development. Malaysia has realized that the concept of sustainable development is crucial to balance the nation's economic progress with environmental quality. In addition, Hg levels in Malaysian tropical fruits are probably linked to the use of agrochemicals and fertilizers. Given that Hg exposure can lead to severe human health effects, particularly in children, this review recommends that the extent of Hg contamination in Malaysia be ascertained and given priority in future studies. This review's output can also provide helpful recommendations for future Hg biomonitoring, research, and management to reduce Hg exposure in Malaysia. 
